The absorption of N03-was characterized in six regions of a 7-d-old corn root (Zea mays L. cv W64A x W182E) growing in a complete nutrient solution. Based on changing rates of '5N accumulation during 15-min time courses, translocation of the concurrently absorbed N through each region of the intact root was calculated and distinguished from direct absorption from the medium. Of the 15N accumulated in the 5-mm root tip after 15 min, less than 15 and 35% had been absorbed directly from the external solution at 0.1 and 10 mm N03-concentration of the external solution, respectively. The characterization of the apical portion of the primary root as a sink for concurrently absorbed N was conconfirmed in a pulse-chase experiment that showed an 81% increase of 15N in the 5-mm root tip during a 12-min chase (subsequent to a 6-min labeling period). The lateral roots alone accounted for 60% of root influx and 70% of 15-min whole root "5N accumulation at either 0.1 or 10 mm. NO3-concentration of the external solution. Because relatively steady rates of 15N accumulation in the shoot were reached after 6 min, the rapidly exchanging pools in lateral roots must have been involved in supplying 15N to the shoot. The laterals and the basal primary root also showed large decreases (24 and 17%) in 15N during the chase experiment, confirming their role in rapid translocation.
The plant root, as a well-organized collection of cells differing in both developmental stage and cell type, has long been known to exhibit regional differences in nutrient absorption, translocation, and assimilation processes. Accordingly, the description of root function as an average of the entire root is likely to lead to erroneous interpretations of regional transport and assimilation characteristics (1) . In studies that have attempted to define transport characteristics within distinct root regions, however, difficulties are encountered in interpreting results quantitatively.
Two general methodological approaches have allowed some assessment of absorption and translocation capacities of defined root region: (a) Use of a chambered system to isolate a single root zone, which can be bathed in labeled nutrient solution (25) , and (b) exposure of an entire root system to labeled solution, followed by rapid separation of the regions (2) . The first approach has been employed using perspex chambers, latex diaphragms, or plastic tubing for isolation of regions (e.g. 5, 7, 14, 20, 25) . Despite recent improvements, the approach remains limited by the considerable amount of plant manipulation required for tight sealing 1251 chambers. Furthermore, it is apparently applicable only to unbranched zones of primary roots.
The second approach allows delineation of transport characteristics in diverse root zones with minimal plant manipulation, isolating root region absorption temporally. Exposure to labeled solutions is assumed to be sufficiently short to minimize translocation among root regions. First time points, however, have ranged from 0.5 to 24 h (e.g. 2, 26) . Results from short-term time courses of uptake by intact roots indicate that symplastic ion transport across the root to the xylem can occur within a few minutes (e.g. 10, 12, 15, 21) , so that considerable interregional transport is likely to occur with exposure to labeled nutrients for 30 min or more.
There have been two studies of N03-absorption along the root (5, 26) . In the one study of NO3-absorption by root regions using the method of isolating regions after labeling, Yoneyama et al. (26) reported a high rate of [15N]NO3-absorption in two regions of intact low-salt corn roots, located 6 to 8.5 and 59 to 61 mm basal to the tip. The first time point in their study was 1 h. Neither of the two previous studies of NO3 uptake in root regions attempted to estimate unidirectional influx or translocation through regions.
In this study, we attempt to define the N transport capacities of six regions of a 7-d-old corn (Zea mays L. cv W64A x W182E) root with greater precision. Changing accumulation rates during short time courses (<15 min) have been used previously to distinguish unidirectional influx and rates of translocation through intact roots (10, 11 
Tissue Analysis
Tissue samples were lyophilized, ground with mortar and pestle under liquid N2, redried in a forced-air oven at 600C, and weighed to three significant figures. Analysis for %N and A% was in a Sira Series II isotope ratio mass spectrometer (VG ISOGAS, Middlewich, UK) operated in direct inlet mode after combustion of samples in an elemental analyzer (NA 1500, Carlo Erba Instumentazine, Milan, Italy). Analysis of root sections and whole roots of plants not exposed to ['5NJ-N03-in treatment solutions indicated no detectable differences in 15N natural abundance.
Root Morphology
In each root region experiment, four additional root region samples were fixed in 0.5 mm cacodylate buffer with 0.5% glutaraldehyde and 0.1% crystal violet for determination of diameter and length. Root diameter measurements were made on micrographs taken with a Nikon SMZ-2T stereo dissecting microscope equipped with the HFX-IIA automatic photographic system. Lengths of lateral roots were determined by the intersect method (23) . These samples were then dried and weighed to allow calculation of root region surface area and length from dry weight. The distribution of dry weight among the six root regions was determined directly on an additional 20 plants for each of the root region experiments. Experimental Accuracy
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Accurate estimation of NO3-transport in regions of intact roots was dependent upon two factors. The first is the analytical precision of mass spectrometry and ability to measure 5N accumulation with exposures as brief as 1 min. The A% "5N after 1 min of exposure was in the 0.430 range, which was easily detected against the tissue background of 0.366 A%; the ratio mass spectrometer was precise to 0.001 A% with our samples. The second factor is the efficiency of the rinsing procedure in removing apoplastic "5N with minimal loss of symplastic "5N. Similar rinsing procedures have previously been shown to effectively remove cationic radiotracers from the free space without significant loss of label from membrane-bound pools (10) . Loss of internal NO3-was tested in preliminary studies, exposing intact seedlings to 0.1 mM [5N]NO3-for 3 d, rinsing roots in 8 mm CaSO4 at 0°C for 2 min to remove free space NO3-, and then rinsing in a large volume of 8 mm CaSO4 at 0°C (5 I/plant) for 30 min. After concentrating the 30-min rinse solution, it was determined that "5N loss was negligible (120 nmol g-1 root dry weight).
Data Transformation and Modeling
Rates of accumulation were calculated as the amount of "5N accumulated divided by the time of "5N exposure (1, 3, 6, or 15 min) and, as such, constitute direct observations. Presenting the cumulative rates averaged over the labeling period leads to some underestimation of the change in rates during the time course. Unidirectional flux densities within root regions were calculated using the measurements of specific surface area and taking the 1-min accumulation rate as an estimate of unidirectional influx.
To build the schematic models of "5N flow through the root (see Fig. 6 ), the accumulation in each root region was weighted according to its contribution to total root mass. root accumulation and translocation to the shoot. Efflux is shown arbitrarily from the basal primary region of the root, since the method allows no prediction of the regional origin.
RESULTS

Root Region Characteristics
Absorption and translocation of N03-were characterized in morphological regions of the corn root by exposing intact roots to ["5N]N03-for up to 15 min, followed by rapid separation into six defined regions (Fig. 1) . Table I summarizes several characteristics of morphology and composition. N concentration, specific length, and specific surface area all vary significantly among regions. For example, although the basal primary and lateral roots account for almost the same portion of total root mass, lateral roots account for more than 3 times the surface area and 20 times the length. Values for N concentration ranged from 2.5 to 7.2 g N/100 g dry weight. Clearly, comparisons of accumulation and absorption rates among regions will vary with the basis of expression. In subsequent figures, data are presented as g-1 tissue dry weight, because this was the basis of direct measurement.
Time Courses of Regional Transport
When a plant is exposed at steady state to isotopically labeled nutrient solution, high initial and decreasing rates of isotope accumulation over a short time course indicate the rapid labeling of an endogenous pool. As the %AE rises in that pool, label begins to flow out of the pool so that the rate of accumulation falls to some constant value. In the case of root regions, a falling "5N accumulation rate, then, is due either to efflux to the medium or to translocation beyond the root region. On the other hand, a rising rate of "5N accumulation in a root region is due to that region's dependency on translocation from some other region, supplying it with concurrently absorbed N. When plants are exposed to isotopically labeled solution at a higher external concentration than their pretreatment culture solution, rates can still be attributed to translocation between root regions; however, certain assumptions are required (see 'Discussion').
Decreasing rates of "5N accumulation were, indeed, observed for several root regions of 7-d-old corn seedlings in steady-state nutrition at 0.1 mm [NO3]ext (Fig. 2) . In the region '35 to lats', the accumulation rate declined 40%, from 126 to 75 ,umol g-1 tissue dry weight h-1 over the 15-min exposure interval. Decreasing rates of "5N accumulation were also evident in the basal primary root and lateral roots (50 and 24%, respectively). By contrast, a rising rate of '5N accumulation was evident in the primary root tip, reaching 20 ,umol g-' tissue dry weight h-1 after 6 min. The rates of "5N accumulation, again, clearly changed over the course of the 15 min within most root regions (Fig. 3) . The general pattern of these changes was similar to that seen in the steady-state (0.1 mM [NO3]ext) experiment of Figure 2 .
The 15N accumulation rates in the basal primary and lateral roots decreased (55 and 30%, respectively). In the '35 to lats' region, the rate fell from 269 to 145 ,umol g-1 tissue dry weight h-1, whereas in the root tips, the rate of '5N accumulation increased nearly 3-fold after 15 min to 115 ,umol g-1 tissue dry weight h-'.
To further investigate differences in N translocation, a pulse-chase experiment was conducted at 0.1 mM [NO3]ext (Fig. 4) . (Fig. 5, top) It is unusual to measure NO3-absorption over such short time intervals (1-15 min), particularly using the stable isotope. The probability of inter-regional transport (12, 15, 21 , data from Fig. 5 Figure 6 . It should be noted that there is no precedent in the literature indicating that feedback controls can be initiated as quickly as 3 to 6 min. A further assumption made in interpreting the 10 mm accumulation curves is that efflux is predominantly localized in the larger root regions (basal primary and lateral roots), where its impact on the flow diagram is minor (Fig. 6 ). At 0.1 mM [NO3]ext, no efflux was detected. Accumulation of 15N was constant over the 15-min exposure period (Fig. 5, top) , and no '5N loss from the plant occurred during the 12-min chase experiment.
Apical Root Regions
A majority of the '5N accumulating in the 0-to 5-mm root tip was translocated there from other regions (Fig. 6) was translocated to the tip during the first minute, then its dependency on translocation is underestimated at 65%. These results are consistent with recent microelectrode experiments, which also indicated relatively low net influx for N03-in the apical 1-cm root tip (6) . A similar pattern of acropetal translocation to the tip was observed previously for 32p (7) .
The increasing rate of '5N accumulation in the tip could, theoretically, be attributable to factors other than endogenous translocation. Diffusion through mucilage, for example, might increase the time required for maximal accumulation rates to be obtained. Such a barrier might also be overcome by exposure to high [NO3]ext. In the '5N chase experiment, however, the '5N content of the root tip increased considerably during the first 3 min of the chase (Fig. 4) . Thus, although a diffusion effect cannot be dismissed, the results clearly indicate endogenous transport of previously absorbed "5N. To the extent that the root tip is capable of absorbing external NO3-, much higher influx at 10 mM [NO3]ext indicates that uptake may be restricted to the linear uptake system previously characterized in kinetic experiments with barley (Hordeum vulgare) (4, 22) . (Fig. 4) .
The form of N transported to the growing tip is unknown; however, high nitrate reductase activity has been measured within the first few millimeters of the primary root apex (13, 16, 18, 24) . If little NO3-is absorbed directly by the tip (Table   II; Fig. 6 ), and if nitrate reductase has substrate to act on where its activity is high, then a significant portion of N must be transported to the growing tip as NO3-7 Indeed, the 5 
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NO3-is transported cell-to-cell through plasmodesmata for several centimeters, or acropetal flow in the apical primary root is an exception to the principle of N03-exclusion from the phloem (9, 27) .
Laterals and the Basal Primary Root
The '5N accumulation rates in the lateral roots and basal primary root from which they extend clearly indicate that these are the dominant zones of uptake and translocation. The two regions account for 90% of unidirectional influx at either 0.1 or 10 mi [NO3]ext (Fig. 6) . The dominance is a function of their high rates of transport (Figs. 2 and 3) and their large contribution to total root mass (Table I) . Over 60% of the ["5N]NO3-was absorbed in the lateral roots at either [NO3]ext (Fig. 6) .
Results from previous experiments with 13N (15, 21) and with K+ and Na+ (10) (11) (12) have demonstrated the existence of a rapidly exchanging pool in the root that is involved in translocation to the shoot. A similar transporting compartment is implied here by the sharp decline in the "5N accumulation rate for the whole root at both [NO3]ext (Fig. 5) . The case is most obvious in the 0.1 mm experiment, where the whole plant '5N uptake rate remains relatively constant, indicating an absence of significant efflux. The decrease in '5N accumulation rate in the root is fully compensated for by an increase in the rate of '5N translocation to the shoot. In the 10 mm [NO3]ext treatment, a substantial rate of translocation to the shoot was also quickly apparent (within 6 min).
The root accumulation rate declined 80 jzmol g-' root dry weight h-' in the first 6 min, whereas the whole plant '5N accumulation rate declined only 35 jsmol g-1 root dry weight h-1, presumably due to efflux (Fig. 5) . Therefore, a translocation rate equal to 21% of the influx (45 ,umol g-' root dry weight h-1) was attained after 6 min.
In the 7-d-old com seedling, the rapidly exchanging translocation pool must be located primarily in the lateral roots. At both [NO3]ext, '5N accumulation rates of the lateral and basal primary root regions decreased with exposure to ['5N]-NO3-, indicating rapid translocation (Figs. 2 and 3) . Comprising 70% of total root surface area and having a mean radius of 150 ,um (one-sixth the mean radius of the basal primary root), lateral roots are the logical site of a rapidly translocating compartment. Absorption in the basal primary root has probably been overestimated in our studies due to rapid xylem movement of label during the first minute of 15N exposure, most likely through the shorter, younger lateral roots (see Fig. 1 ). A close association between lateral root development and NO3-translocation rate has been observed previously in corn seedlings (17) .
Implications
A major conclusion of our experiments is that influx into the primary root tip from the external medium is low. This can be reconciled with the experiments of Yoneyama et al. (26) using corn seedlings and a dissection procedure similar to that used here. They found minimal accumulation of '5N in the apical 2.5 mm and high accumulation in a zone 6 to 8.5 mm from the apex after exposure to ["5N]NO3-for 1 h.
The low accumulation rate in the tip evidently reflects both low influx and the limited accumulation capacity of nonvacuolated cells at the root apex. The 6-to 8.5-mm region corresponds to a zone of cell expansion (similar to our 5-to 15-mm region); thus, an elevated accumulation rate is probably due to deposition in developing vacuoles.
The results of our experiments also emphasize the importance of lateral roots in the absorption and translocation of NO3-to the growing shoot. There is evidence indicating that a majority of a plant's root system may not be actively involved in N03 uptake in soil (19) . Moreover, in the field, most nutrient absorption is probably via finely branched lateral roots, which comprise the majority of total root surface area (3) . It would seem that evaluations of localized root transport and transport regulation might be well advised to include consideration of the specialized functions of lateral roots and root tips.
